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Abstract 1 
The aim of this study was to assess the effects of concurrent biomechanical biofeedback on the 2 
ability of novices to modify relative knee, spine, and elbow motions during a rowing-type task. 3 
After six non-instructed practice sessions, novices were assigned to a biofeedback (BFb; n = 4 
7) or control group (Con; n = 7), before six, ten-minute sessions of continuous rowing were 5 
performed over two weeks. The BFb group received concurrent, visual biofeedback for 6 
developing sequential timing of knee, spine, and elbow motions during the pull. Following the 7 
intervention, the BFb group demonstrated delayed elbow flexion initiation (pre-intervention, 8 
46 ± 11% pull; post-intervention, 78 ± 3% pull; p = 0.001). The biofeedback further promoted 9 
the consecutive ending of joint rotations (BFb: knee, 69 ± 4% pull; spine, 73 ± 7% pull; elbow, 10 
85 ± 3% pull; Con: knee, 79 ± 8% pull; spine, 28 ± 6% pull; elbow, 79 ± 4% pull) and a move 11 
towards the sequential sequencing pattern. Concurrent biomechanical biofeedback during 12 
short-term training altered technique, possibly by providing guidance towards the desired 13 
movement pattern and increasing error detection and correction capabilities. 14 
Word Count (Abstract): 183 15 
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Introduction 19 
Biomechanical biofeedback has been shown to be a valuable asset to motor acquisition 20 
by allowing the performer to attend to errors in the movement based on the information 21 
provided. According to the guidance hypothesis (Salmoni, Schmidt, & Walter, 1984; Schmidt, 22 
1991), augmented biofeedback supplements the intrinsic feedback sources of the performer, 23 
and provides increased, and potentially more specific and quantitative, information for error 24 
detection and correction to occur (Schmidt, 1991). This reduces movement error and 25 
accelerates adaptation as deviations from a desired pattern can be more easily and precisely 26 
detected (Winstein, Pohl, & Lewthwaite, 1994). Despite success in a range of sports, the use 27 
of biomechanical biofeedback remains somewhat rare, possibly due to a lack of comparative 28 
studies that systematically evaluate manipulations to the biofeedback paradigm (Sigrist, Rauter, 29 
Reiner, & Wolf, 2013). This leaves the applicability of biofeedback for optimising skill 30 
development uncertain. Both task complexity and the participant may alter the effectiveness of 31 
the type and amount of biofeedback; however, it appears that the more complex a task is the 32 
more a learner could potentially benefit from visual biofeedback (Sigrist et al., 2013), and 33 
concurrent biofeedback strategies have resulted in better task acquisition, possibly due to 34 
providing increased guidance (Park, Shea, & Wright, 2000). 35 
One sporting task that has been used in biofeedback studies is rowing, both ergometer 36 
and on-water. For example, consistency of work output has been modified by increasing 37 
propulsive work capacity and normalised propulsive power through providing trained rowers 38 
with visual, concurrent biofeedback on oar force and oar angle profiles on water (Spinks & 39 
Smith, 1994). In addition, upper and lower body accelerations have been presented graphically 40 
to trained rowers, who aimed to stay within pre-determined bandwidths while ergometer 41 
rowing (Anderson, Harrison, & Lyons, 2005). Here, both frequent, concurrent, detailed 42 
biofeedback, and summary biofeedback of the percentage of time spent outside the bandwidths, 43 
improved movement consistency (Anderson et al., 2005). Although successful, these 44 
biofeedback interventions focus on the refinement of established technique, not on the initial 45 
acquisition of a new movement pattern. 46 
Biofeedback work with novices has assessed the attainment of movement patterns that 47 
are representative of rowing, without the desire to perform an ideal stroke. Sigrist et al. (2013) 48 
compared the effectiveness of visual, auditory, and haptic biofeedback modalities for learning 49 
a novel hand-rowing task. For three sessions, in an alternating pattern, three biofeedback 50 
training blocks of an average of 30 rowing cycles were conducted, each followed immediately 51 
by five cycles of no biofeedback. Visual biofeedback led to better performance in tracing a 52 
target oar path than did other modalities, and demonstrates the potential of alternating 53 
biofeedback for improving novice skill acquisition (Sigrist et al., 2013). Similarly, the present 54 
study is an assessment of the applicability of biofeedback to aid development of a rowing-type 55 
movement pattern. 56 
The ‘Rosenberg’ rowing pattern is the most common rowing style, which is typified by 57 
sequential body segment movement, whereby the lower limb initiates the pull phase of the 58 
stroke, followed sequentially by trunk extension, before joint rotations of the upper limbs 59 
(Klavora, 1977; Kleshnev, 2010). While temporal sequencing is key to successful rowing, no 60 
systemic method has yet been devised for training of such timings. Development of these 61 
patterns could provide a novel complex task. In ergometer rowing, coordination between the 62 
lower limbs and the trunk segments is of importance as the trunk proposedly provides a stable 63 
lever for the transference of forces generated by the legs to the handle (Pollock, Jenkyn, Jones, 64 
Ivanova, & Garland, 2009). At the start of the stroke, limited trunk movement is apparent over 65 
approximately the first 15-25% of the normalised length of the pull, the period associated with 66 
peak power output (Pollock et al., 2009). Similarly, rowers who initiated the pull with more 67 
extended elbows (> 150°) generated 38.4 N (6.3%) greater force than those with more flexed 68 
elbows (Bompa, 1980). A reduced change in elbow flexion from the catch possibly acts as an 69 
extension of the braced position of the trunk, thus increasing the transfer of forces to the handle 70 
(Pollock et al., 2009). Between 40 and 50% of the pull, trunk contribution to linear ergometer 71 
handle velocity equals or surpasses that of the lower limbs (Lamb, 1989). Trunk contribution 72 
peaks at approximately 70% of the pull, from which time upper and lower arm velocities 73 
provide the greatest contribution to handle velocity until the finish (Lamb, 1989). 74 
Therefore, with relative contributions apparent from the lower limbs, trunk, and upper 75 
limbs, between approximately 0-40%, 40-70%, and 70-100% of the pull, respectively, this 76 
temporal sequence could be used as a sequential rowing-type pattern. It is hypothesised that 77 
achieving this could be aided through the provision of concurrent biomechanical biofeedback. 78 
Hence, the aim of this study was to investigate the effectiveness of a concurrent, visual 79 
biofeedback intervention for novice acquisition of a sequential rowing-type pattern during 80 
short-term training. This information could be used to aid the development of biofeedback 81 
paradigms for incorporation into training regimes. 82 
 83 
Methods 84 
Participants: Fourteen females were recruited for this study (mean ± SD; age, 20.3 ± 85 
2.1 years; height, 168.4 ± 5.1 cm; mass, 65.2 ± 4.8 kg). Inclusion criteria were that participants 86 
were free from injury, and had no experience of rowing or sculling, ergometer rowing, or any 87 
other rowing motion, prior to the study. Each participant gave written informed consent and 88 
visited the laboratory on twelve occasions, evenly spaced over a period of approximately four 89 
weeks. The University of Lincoln Institutional Ethical Committee granted approval for the 90 
study prior to commencement. 91 
Data collection set-up: Passive, spherical, retro-reflective markers of 9.5 mm diameter 92 
were attached over the right acromion process, the lateral epicondyle of the right humerus, and 93 
the right ulnar styloid processes. Markers were also affixed over the greater trochanter and the 94 
lateral epicondyle of the right femur, and the right lateral malleolus. Further markers were 95 
placed on the spine, over the first and fifth lumbar vertebrae (L1 and L5, respectively). In 96 
addition, markers were also affixed to a slide-based, Dynamic indoor rowing ergometer 97 
(Concept2 Ltd., Morrisville, VT, USA) to track handle and foot stretcher motions. The 98 
Dynamic rower has a movable foot stretcher and a seat that is fixed to a spot with elasticated 99 
cord that has limited movement, as opposed to the fixed foot stretcher and free-moving seat of 100 
static ergometers. This rower was chosen as it is becoming more common for off-water training 101 
as it recreates on-water rowing more effectively than static ergometers (Elliott, Lyttle, & 102 
Birkett, 2002) and the reduced translational movement of the participant’s torso (Jongerius, 103 
Willems, & Savelberg, 2018) increases the consistency of marking tracking. Markers were 104 
attached to the centre of the handle at its join to the pulley cable and to the top right corner of 105 
the foot stretcher. 106 
Three-dimensional kinematics were recorded at 150 Hz using eight Raptor-E and three 107 
Raptor-4 Digital Cameras (Motion Analysis Corporation (MAC), Santa Rosa, CA, USA). 108 
Before each participant visit, the system was calibrated, with a maximum acceptable cut-off 109 
for residuals of 0.4 mm. The origin of the global coordinate system was orientated so that the 110 
X-axis ran horizontal and parallel to the long axis of the rowing ergometer towards the pulley 111 
system, the Z-axis was vertical and the Y-axis was the cross product of Z and X. The camera 112 
and rowing ergometer set-up was positioned so that participants without altering their 113 
technique could view the display of the concurrent biofeedback, which was projected onto a 114 
screen in front of the participant (Figure 1). 115 
[Figure 1 near here] 116 
The biofeedback was generated using custom-written Sky script (Cortex v4.0.1, MAC). 117 
Position and velocity data of the ergometer markers were taken from Cortex. All ergometer 118 
linear kinematics were conducted in the sagittal (X-Z) plane, and all joint angle data were 119 
calculated three-dimensionally. The elbow joint angle was defined as the angle between the 120 
vector running from the right lateral elbow marker to the right acromion marker and the vector 121 
from the right lateral elbow marker to the right lateral wrist marker (where 180° was full 122 
extension). The angle between a vector running from the L5 marker to the L1 marker projected 123 
onto the sagittal plane and the X-axis was the angle of the spinal segment (where at 90° the 124 
segment was vertical, a forward inclination of the segment towards the feet (≤ 90°) was termed 125 
flexion, and a backwards inclination (> 90°) was termed extension). The knee joint angle was 126 
defined as the angle between the vector running from the right lateral knee marker to the marker 127 
over the right greater trochanter and the vector running from the right lateral knee marker to 128 
the right lateral ankle marker (where 180° was full extension). 129 
Two key events were defined as the instants at which the velocity of the ergometer 130 
handle in the X-axis changed from positive to negative (catch), and from negative to positive 131 
(finish). These were used to define the ‘pull’ (catch to finish) and ‘recovery’ (finish to catch) 132 
phases, and the combination of one pull and the following recovery constituted one rowing 133 
stroke. Based on data from junior rowers rowing at 20 strokes/min, for each participant the 134 
maximum stroke displacement was calculated as 83% of body height (Černe, Kamnik, 135 
Vesnicer, Zganec Gros., & Munih, 2013). When rowing, instantaneous stroke displacement 136 
was calculated as the total of handle and foot stretcher marker movements from their respective 137 
starting positions at the catch. This was normalised with respect to the maximum stroke 138 
displacement at each time instant. 139 
Biofeedback content: As identified from pilot work, novice performers tended to 140 
change their elbow angle at the commencement of the pull. Consequently, to promote delayed 141 
elbow flexion to develop the desired kinematic sequencing, maintenance of an elbow angle in 142 
excess of 130° was required over the early stages of the pull. For the content of the biofeedback, 143 
the pull phase was divided into three sub-phases (I, II, and III), lasting 40, 30, and 30% of the 144 
stroke displacement, respectively (Lamb, 1989). The biofeedback for each stroke was initiated 145 
at the catch and was provided whilst the handle velocity was in the negative X-axis direction 146 
(i.e. towards the torso). Throughout sub-phase I of the pull, a blue dialogue box containing the 147 
text ‘Knee’ was displayed giving instruction to produce movement through knee motion. 148 
Throughout sub-phase II a lighter blue dialogue box containing the text ‘Spine’ gave 149 
instruction to use spinal motion; and throughout sub-phase III, a lighter blue dialogue box than 150 
sub-phase II containing the text ‘Elbow’ instructed use of elbow motion. The instant the elbow 151 
angle dropped to below 130° during either sub-phase I or II (i.e. the first 70% of the pull), an 152 
orange dialogue box appeared informing the participant that the ‘elbow flexed too early’. If 153 
this occurred, the orange dialogue box was displayed until the end of the current pull. The 154 
biofeedback was only restarted at the next catch. Furthermore, if at any time during the pull 155 
the sign of the handle marker velocity returned to being positive, or instantaneous stroke 156 
displacement exceeded the normalised stroke displacement, the biofeedback switched to a red 157 
box. For the duration of each recovery phase, a red dialogue box containing the text ‘Recovery’ 158 
was displayed. 159 
Data collection protocol: During each visit to the laboratory, before each test, 160 
participants performed a self-selected warmup without the use of the ergometer until feeling 161 
comfortable to row. During each practice and testing session, participants rowed continuously 162 
for 10 minutes on the Dynamic ergometer, with damper setting of 2 and drag-factor of 100 163 
(determined from pilot-testing to be comfortable for this duration), at a target heart rate between 164 
130-150 beats per minute (Mackenzie, Bull, & McGregor, 2008) provided through a FT1 165 
monitor and T31 coded transmitter (Polar Electro, Kempele, Finland). If at any time heart rate 166 
moved outside the range, participants were instructed to increase or decrease their rowing pace 167 
accordingly. To ensure the completion of each session and to negate possible effects of fatigue, 168 
heart rate was deemed a more suitable exercise target than stroke rate for novice participants, 169 
given potential differences in submaximal exercise capabilities. During these sessions, no 170 
information from the Performance Monitor mounted to the ergometer was visible (PM4; 171 
Concept2 Ltd., Morrisville, VT, USA). 172 
To give sufficient time to complete the high number of repetitions needed to replace 173 
initial movement patterns with a behavioural organisation derived without augmented 174 
information (Nourrit, Delignières, Caillou, Deschamps, & Lauriot, 2003), six preliminary 175 
practice sessions were conducted over two weeks, during which no technique instruction or 176 
biofeedback were provided during or after rowing. Kinematic data were captured for the 177 
duration of the last of the preliminary visits (visit 6). Once these sessions were complete, 178 
participants were randomly assigned to either a biofeedback intervention (BFb) or a control 179 
(Con) group. Participants returned to the laboratory on a further six occasions, evenly spaced 180 
over the remaining two-week period. Before the first of the intervention sessions, participants 181 
in the BFb group received an information sheet detailing the biofeedback protocol and the 182 
desired rowing pattern. Concurrent biofeedback was provided to the BFb group intermittently 183 
for alternate minutes beginning with the second minute of each session. This was presented in 184 
periods where the biofeedback appeared continuously for 1-minute, before being removed for 185 
1-minute, equating to 50% of the total time rowing, which follows beneficial intermittent and 186 
equal-duration biofeedback paradigms for rowing-type tasks (e.g. Sigrist et al., 2013). The Con 187 
group completed the same number of remaining sessions without receiving any biofeedback. 188 
Kinematic data were recorded from both groups for the duration of these sessions. 189 
Data analysis: All marker identification was completed using Cortex (v4.0.1; MAC). 190 
Data were exported and further analysed using custom written MATLAB code (R2015b; 191 
MathWorks, Natick, MA, USA). Coordinate data were smoothed using a zero-lag, 4th order 192 
Butterworth low-pass filter with a cut-off frequency of 7 Hz. This was chosen after visual 193 
inspection of the effects of a range of cut-off frequencies on pilot rowing data collected at the 194 
same expected stroke rate as the test data. 195 
The last ten strokes of sessions 6, 7-11, and 12 (termed pre-intervention, sessions 1-5, 196 
and post-intervention, respectively) were analysed. To assess whether the criterion for 197 
successful biofeedback engagement was being met, the normalised time instant at which the 198 
elbow angle decreased below 130° during the pull (tΘ) was calculated. In addition, to determine 199 
the timings of knee joint, spinal segment, and elbow joint motions, a series of breakpoints were 200 
calculated. The first occurrence of an angular acceleration above 0.25°/s2 (tstart) represented the 201 
start of joint or segment rotation. The first occurrence after tstart of the angular acceleration that 202 
was more negative than 0.25°/s2 (tend) represented the initiation of slowing of joint or segment 203 
rotation. The settings for these breakpoints have been previously used for determining joint 204 
motion changes in rowing data (Gorman, Willmott, & Mullineaux, 2016). 205 
To account for inter-participant differences in the times the rowing stroke took to 206 
complete, all data were time normalised by cubic spline interpolation to 101 samples-per-phase 207 
of the stroke, and values were expressed as percentages of each respective phase, where 0% of 208 
the pull represented the catch, and 0% of the recovery represented the finish. 209 
Statistical analysis: All statistical tests were performed in SPSS (v.21; IBM, Armonk, 210 
NY, USA). Normality of data was confirmed through a non-significant Shapiro-Wilk’s test (p > 211 
0.05). To assess the effects of the intervention on the instant the elbow angle decreased below 212 
130°, and on the start and end timings of joint and segment rotations, 2 x 2 (Group: BFb, Con; 213 
Time: Pre-, Post-intervention) mixed ANOVAs were conducted. Sphericity was confirmed 214 
through a non-significant Mauchly’s test (p > 0.05). A statistical significance level of 0.05 was 215 
selected, and data were presented as means and standard deviations. 216 
 217 
Results 218 
There was a significant group x time interaction effect for the majority of the 219 
comparisons of the instant the elbow angle reduced to below 130° (tΘ), and of the timing of the 220 
start (tstart) and end (tend) of rotation of the knee, spine, and elbow (p < 0.05; Table 1). In general, 221 
BFb group timings moved towards the desired pattern whereas the Control group remained 222 
unchanged from pre- to post-intervention. Additionally, there were significant main effects of 223 
time for all comparisons, with post- being closer to the biofeedback pattern than pre-224 
intervention (p < 0.05; Table 1). 225 
[Table 1 near here] 226 
Timing of joint motions: Changes to the timing of joint motions indicated a move 227 
towards a sequential movement pattern, such that lower limb contribution to ergometer motion 228 
ended before that of the trunk, followed sequentially by the upper limbs. The BFb group 229 
progressively delayed elbow flexion across sessions, with the desired timing of tΘ being first 230 
achieved by, and maintained after, the third intervention session (Figure 2). The significant 231 
interaction (Table 1; p < 0.001) indicated the BFb group delayed tΘ from pre- (46 ± 11% pull) 232 
to post-intervention (78 ± 3% pull), whereas the Con group did not change. 233 
[Figure 2 near here] 234 
Before the intervention, both groups displayed elbow flexion and knee extension during 235 
sub-phase I, which persisted for most of the pull (Figure 3). However, the BFb group used knee 236 
motion during the recovery phase whereas the Con group did not (Figure 4). 237 
[Figure 3 near here] 238 
[Figure 4 near here] 239 
For elbow tstart, a significant main effect of group (F (1,13) = 9.117, p = 0.011) and 240 
significant interaction effect (F (1,13) = 14.142, p = 0.003) was apparent. By post-intervention, 241 
BFb had delayed elbow tstart until 48 ± 27% of the pull, whereas Con only altered timing by 242 
6%.  However, for knee tstart no interaction effect was apparent (F (1,13) = 0.037, p = 0.851), 243 
nor was there a group main effect (F (1,13) = 2.223, p = 0.162). 244 
There was a significant interaction for the spine segment tstart (F (1,13) = 7.601, p = 245 
0.017), which remained consistent for BFb and occurred earlier in the recovery phase for Con 246 
in post-intervention (Figure 4; Table 1). Knee joint and spine segment extension therefore 247 
accelerated the ergometer in sub-phase I, and an absence of elbow flexion until later in the pull 248 
promoted prolonged spinal motion into sub-phases II and III. 249 
After the biofeedback, BFb had delayed tend of knee, spine, and elbow motions, whereas 250 
Con did not (Table 1; Figure 4). As such, significant interactions were apparent for tend of knee 251 
joint (F (1,13) = 11.259, p = 0.021), spine segment (F (1,13) = 29.595, p = 0.009), and elbow 252 
joint motions (F (1,13) = 8.232, p = 0.014), alongside significant group main effects for these 253 
variables (each p < 0.05), with BFb matching the desired sequential movement pattern better 254 
than Con (Table 1). 255 
 256 
Discussion and implications 257 
To assess if biofeedback is beneficial as a training aid to improve performance of 258 
complex movement patterns, concurrent biofeedback on the timing of body segment 259 
movements was provided to novices attempting a rowing-type task. Consistent with the 260 
guidance hypothesis (Salmoni et al., 1984; Schmidt, 1991) and like other novel biofeedback 261 
(Sigrist et al., 2013), the results of this study show significant guidance effects of biofeedback, 262 
as indicated by delayed elbow flexion (Figure 2). Furthermore, the participants adopted a 263 
sequential movement pattern, which was exemplified by temporal changes to the ending of 264 
knee extension (69%), spine extension (73%), and elbow flexion (85% of the pull) (Table 1; 265 
Figure 4). These results revealed that biofeedback was effective in guiding movement 266 
adaptation that was concomitant with the objective of the intervention, the effectiveness of 267 
which is emphasised by the relatively short period of the intervention. 268 
The approach of this study, like that of previous feedback work (Wulf, Shea, & 269 
Matschiner, 1998), was to provide participants with	equal periods of unrestricted practice and 270 
biofeedback. After practice and prior to biofeedback administration, knee extension appeared 271 
to begin earlier for BFb, and within-group differences in knee positions at the catch were 272 
apparent. Despite this, in both groups, all participants appeared to have systematically adopted 273 
similar elbow and spine motions by the end of the pre-intervention session. This infers the use 274 
of intrinsic feedback sources to provide correction to perceived errors, possibly based on the 275 
common demands of the Dynamic ergometer. Such between participant similarities have 276 
previously been shown during novice learning of other cyclical tasks when all feedback was 277 
withheld (Delignières et al., 1998; Nourrit et al., 2003). 278 
Post-intervention in the BFb group, elbow extension was maintained until significantly 279 
later in the pull, with the elbow angle not falling below 130° later than 70% of the normalised 280 
pull (Figure 3). As such, the biofeedback promoted delayed onset of elbow flexion yet did not 281 
delay the initiation of spine extension. While participants aimed to match the sequential 282 
rowing-type pattern, specific error in the timing of joint rotation was only provided for the 283 
elbow. Although knee and spine motions affected the handle kinematics that were used to 284 
define the phases, they were not monitored directly by the biofeedback. However, within-group 285 
elbow, knee, and spine motion variability appeared reduced at the catch and throughout the 286 
pull, indicating a more consistent pattern. Given the redundancy inherent in a system with 287 
multiple degrees of freedom, it is not unexpected that some aspects of this movement pattern 288 
remained unaltered. Future research should focus on how movements are adapted and 289 
controlled to produce a repeatable pattern (e.g. through dynamical systems approaches; Hamill, 290 
van Emmerick, Heiderscheit, & Li, 1999). 291 
The biofeedback possibly encouraged parallel processing of rhythmic, visual, and 292 
kinaesthetic information that were each relevant for the generation of the intended movement 293 
pattern (Wei & Körding, 2009). This may have promoted more specific error detection and 294 
correction to occur (Schmidt, 1991), which aided calibration of internal kinaesthetic 295 
information, derived from interaction with the task, with the intended movement outcome 296 
(Robin, Toussaint, Blandin, & Proteau, 2005). Therefore, biofeedback is beneficial for 297 
providing detailed performance information when the accurate perception of body segment 298 
movement is potentially challenging and a kinaesthetic awareness of the correct movement 299 
pattern against which to assess movement error is underdeveloped. This supports the theory 300 
that biofeedback can facilitate the acquisition of motor skills and emphasises its potential as a 301 
tool for the development of novel, complex skills. 302 
Similar to previous studies investigating single session effects of biofeedback (Sigrist 303 
et al., 2011), participants in BFb demonstrated immediate changes to technique (Figure 2). The 304 
concurrent biofeedback therefore appeared immediately interpretable, the demands of which 305 
appeared easy to conceptualise. Thus, from the beginning of its provision, the biofeedback 306 
successfully guided participants towards the characteristics of the motion that were to be 307 
altered, possibly reducing information processing demands by mediating the general intended 308 
movement pattern (Wulf & Shea, 2002). In addition, the rate at which the intended changes 309 
were observed and the short-term duration of the intervention reinforces the effectiveness of 310 
this biofeedback. 311 
For BFb, the influence of prior instruction cannot be ruled out. Benefits were therefore 312 
from a combination of guidance from the biofeedback and the information given prior to 313 
session 1, which gave an awareness of the desired sequential rowing pattern. As such, alongside 314 
the biofeedback, the instruction received could have been influential in promoting the 315 
adaptation that was seen between pre-intervention and session 1. However, the timing of elbow 316 
flexion continued to be altered by BFb throughout the intervention, and by post-intervention, 317 
elbow flexion was significantly delayed from both pre-intervention and session 1. The 318 
continued change demonstrates potentially more beneficial guidance from the biofeedback 319 
over the initial instruction and an awareness of the correct movement pattern. This provides 320 
evidence that biofeedback enhanced the technique of these novice rowers beyond instruction. 321 
As Con were given no information regarding the rowing pattern that was promoted by the 322 
biofeedback it is difficult to determine their ability to adopt the desired pattern. The impact of 323 
instruction and its potential influence on both biofeedback and control groups should be 324 
considered, particularly to clarify the effects of interventions beyond the ability of participants 325 
to self-direct change towards an instructed movement pattern. 326 
Dynamic ergometer rowing was chosen as a model task to test biofeedback as it is 327 
complex yet relatively controlled and cyclical, and while it may not be wholly representative 328 
of either on-water or static ergometer rowing, it provided the novelty needed for these 329 
participants and lent itself to the large number of iterations needed for novices to alter their 330 
movement patterns (Nourrit et al., 2003). As there is a current paucity of research into dynamic 331 
ergometer technique, the task on which to provide biofeedback was developed using technique 332 
information derived from static ergometer and on-water rowing. Though actual rowing 333 
technique may not have been replicated, the novel and complex rowing-type movement pattern 334 
that was developed appeared suitable for testing biofeedback applicability. 335 
Exercise intensity was reduced and controlled as it was assumed that novices who are 336 
unfamiliar with rowing or endurance exercise would have difficulty in performing an even 337 
pacing strategy. This appeared effective as during the last strokes of the last four of the 338 
intervention sessions, the BFb group movement patterns matched those of the biofeedback. 339 
Thus, participants were at no point fatigued to the extent that they could not perform a 340 
movement pattern that successfully corresponded to the intervention. In addition, there were 341 
no requirements to accelerate the ergometer handle or the foot stretcher as quickly as possible; 342 
therefore, participants were not attempting to adjust their technique to achieve maximal 343 
distance. In a similar way to increased adaptation to the rowing stroke previously being 344 
observed during the recovery phase due to its greater passivity (Lay, Sparrow, Hughes, & 345 
O’Dwyer, 2002), the potentially reduced concern for force production during the pull may have 346 
allowed participants to more easily change this stroke phase. However, different exercise 347 
intensities are used in regular rowing training (McArthur, 2002), and whilst the adaptation of 348 
technique has obvious benefits for sporting applications, its transfer to conditions that more 349 
closely replicate competitive performance is currently unclear. 350 
This study was an investigation into the effectiveness of biofeedback as guidance for 351 
novices to initially alter complex movement patterns. Post-biofeedback tests were negated as 352 
the determination of any transient effects of this specific paradigm would be redundant if 353 
novices could not firstly adapt to the biofeedback. This follows similar work that established 354 
the usability of a paradigm for movement adaptation (e.g. Anderson et al., 2005). While clear 355 
acquisition effects were apparent, the lack of retention or transfer testing means these benefits 356 
are not generalisable to learning permanency as they could be transient or specific to 357 
acquisition conditions due to biofeedback dependence (Park et al., 2000). Future research 358 
regarding established interventions should include assessments to detail whether movement 359 
adaptations are maintained beyond initial acquisition periods. 360 
 361 
Conclusion 362 
Guidance in the form of concurrent, intermittent, visual biomechanical biofeedback can 363 
facilitate the development of novel, complex movement patterns. Successful completion of a 364 
rowing-type task was measured by determining the start and end of knee, spine, and elbow 365 
motions during the pull of the rowing stroke. Novice performers made beneficial adaptations 366 
to their movement patterns, towards the sequential sequencing promoted by the biofeedback. 367 
As few systemic training methods exist for the development of segmental sequencing during 368 
rowing, this study shows that even relatively short-term biofeedback can provide innovative 369 
training methods that may allow technique to be changed beneficially. However, more research 370 
is needed into its permanent learning effects. The integration of biofeedback into rowing 371 
training programmes could be further investigated using different exercise intensities, higher 372 
skill levels of rower, diverse delivery paradigms, and assessments after the removal of 373 
biofeedback to assess the longer-term retention of the effects. 374 
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Tables 479 
Table 1 Timings of knee extension, spine extension, and elbow flexion between biofeedback 480 
(BFb; n = 7) and control (Con; n = 7) groups (mean ± SD) during the rowing task. 481 
 Con BFb Int.  
 Pre Post Pre Post F(1,13) p 
Knee (% phase)       
tstart 3 ± 5 6 ± 2 86 ± 16 R 1 ± 6 0.037 0.851 
tend 78 ± 8 79 ± 6 83 ± 19 69 ± 4* 11.259† 0.021 
Spine (% phase)       
tstart 94 ± 12 R 85 ± 13 R* 83 ± 10 R 85 ± 3 R 7.601† 0.017 
tend 23 ± 8 28 ± 6 20 ± 9 73 ± 7* 29.595† 0.009 
Elbow (% phase)       
tΘ 50 ± 11 47 ±12 46 ± 11 78 ± 3* 34.119† < 0.001 
tstart 1 ± 8 7 ± 8* 95 ± 13 R 48 ± 27* 14.142† 0.003 
tend 77 ± 6 79 ± 4 79 ± 6 85 ± 3* 8.232† 0.014 
Notes: All values represent the pull phase, unless noted as the recovery (R). 
Int., Interaction effect; F(1,13), F-ratio(df); tstart, initiation of joint rotation; tend,, initiation of 
slowing of joint rotation; tΘ, first instance that elbow angle < 130°. 
*Significant change between the mean of the first ten strokes of Pre- and the mean of the 
last ten strokes of Post-intervention (p < 0.05). 
† Significant interaction effects (group & time) (p < 0.05). 
  482 
Figure Captions 483 
484 
Figure 1 – Depiction of the data collection and biofeedback set-up showing the participant, 485 
and the Dynamic ergometer position and orientation with respect to the screen where the 486 
biofeedback was presented. The clothing seen in this image was not representative: during all 487 
data-collection sessions, markers were attached directly to the skin, or to tight-fitting clothing.  488 
489 
Figure 2 – Normalised time instants at which the elbow angle flexed to below 130°. Data are 490 
the means of the first 10 cycles of the Pre-intervention and last 10 cycles of the five intervention 491 
sessions and Post-intervention, for both the biofeedback (n = 7) and control (n = 7) groups. 492 
Error bars are ± 1 SD. Significant within group differences between Pre- intervention and 493 
session 1 (*), Pre- and Post-intervention sessions (†), and session 1 and Post-intervention (‡) 494 
(p < 0.05). Dashed lines represent transitions between pull sub-phases (0 - 40%, sub-phase I; 495 
40 - 70%, sub-phase II; 70 - 100%, sub-phase III).  496 
Figure 3 – Joint flexion-extension angle profiles during the pull for Biofeedback (BFb) and 497 
Control groups (Con), where 0° is full flexion and 180° is full extension. Data are means (black 498 
lines) of the first ten cycles of the pre-intervention sessions and the last ten cycles of the post-499 
intervention session for a) Con pre-intervention; b) Con post-intervention; c) BFb pre-500 
intervention; and d) BFb post-intervention. Grey lines denote ± 1 SD. Vertical dashed lines 501 
represent transitions between pull sub-phases (0 - 40%, sub-phase I; 40 - 70%, sub-phase II; 502 
70 - 100%, sub-phase III), and horizontal dashed lines indicate the biofeedback targeted elbow 503 
angle of 130°.  504 
505 
Figure 4 – Timing and duration of knee, spine, and elbow joint rotations in relation to the 506 
phases of the rowing task for Biofeedback (BFb) and Control groups (Con). The solid 507 
horizontal bars represent duration of joint rotations and error bars denote 1 SD from respective 508 
joint rotation start and ends. Solid vertical lines represent transitions between pull and recovery 509 
phases, while dashed vertical lines represent transitions between pull sub-phases (0 - 40%, sub-510 
phase I; 40 - 70%, sub-phase II; 70 - 100%, sub-phase III). Data are means of the first ten 511 
cycles of the pre-intervention sessions and the last ten cycles of the post-intervention session 512 
for a) BFb pre-intervention; b) BFb post-intervention; c) Con pre-intervention; and d) Con 513 
post-intervention. 514 
